External quantum efficiency of semiconductor photonic devices is directly measured by wavelengthdependent laser-induced temperature change (scanning laser calorimetry) with very high accuracy. Maximum efficiency is attained at an optimum photo-excitation level that can be determined with an independent measurement of power-dependent temperature or power-dependent photoluminescence. Time-resolved photoluminescence lifetime and power-dependent photoluminescence measurements are used to evaluate unprocessed heterostructures for critical performance parameters. The crucial importance of parasitic background absorption is discussed. 1 The essential idea is to have a single coefficient that accounts for both the efficiency of the photon-electron conversion process (internal quantum efficiency) and the efficiency of moving light into and/or out of the device (coupling efficiency). Internal quantum efficiency is deleteriously affected when electronic excitations lose energy through the production of heat. This nonradiative recombination can be mediated by phonons, interfaces, surfaces, dislocations, defects, and even other charge carriers. The light coupling efficiency is driven by Fresnel reflection and the condition of total internal reflection. This leads to photon recycling and the concomitant production of wasteful heat due to the presence of parasitic background absorption. It is often difficult to model or even anticipate how the various disparate mechanisms degrade performance. Instead, empirical data should guide device development. It is therefore crucial to have in place an experimental scheme for precision measurement of efficiency. This allows such problems to be identified and addressed systematically.
External quantum efficiency of semiconductor photonic devices is directly measured by wavelengthdependent laser-induced temperature change (scanning laser calorimetry) with very high accuracy. Maximum efficiency is attained at an optimum photo-excitation level that can be determined with an independent measurement of power-dependent temperature or power-dependent photoluminescence. Time-resolved photoluminescence lifetime and power-dependent photoluminescence measurements are used to evaluate unprocessed heterostructures for critical performance parameters. The crucial importance of parasitic background absorption is discussed. External quantum efficiency (EQE or g ext ) is an important parameter that characterizes many photonic devices. It is widely used to evaluate light emitting diodes, photovoltaics, semiconductor lasers, and emerging technology such as laser-induced refrigeration of solids. 1 The essential idea is to have a single coefficient that accounts for both the efficiency of the photon-electron conversion process (internal quantum efficiency) and the efficiency of moving light into and/or out of the device (coupling efficiency). Internal quantum efficiency is deleteriously affected when electronic excitations lose energy through the production of heat. This nonradiative recombination can be mediated by phonons, interfaces, surfaces, dislocations, defects, and even other charge carriers. The light coupling efficiency is driven by Fresnel reflection and the condition of total internal reflection. This leads to photon recycling and the concomitant production of wasteful heat due to the presence of parasitic background absorption. It is often difficult to model or even anticipate how the various disparate mechanisms degrade performance. Instead, empirical data should guide device development. It is therefore crucial to have in place an experimental scheme for precision measurement of efficiency. This allows such problems to be identified and addressed systematically.
There will be different descriptions of EQE and varying design goals depending on the application. A high performance solar cell, for example, must make maximum use of the available broadband spectrum and the resulting photoexcitations to produce an external current. A single color LED design, on the other hand, strives to couple the generated narrow-spectrum of light from the device. In this paper, we present a procedure for precision quantification of photoluminescence external quantum efficiency in bulk GaAs heterostructures. Device characterization is performed in the context of optical refrigeration (laser cooling in solids), where the demands on EQE are extreme. For this application, EQE is defined as the fraction of photo-excited electron-hole pairs which produce luminescence photons that escape the device into free-space. It has been established that laser-induced cooling of GaAs will occur only when EQE exceeds 99%, i.e., far greater than needed for useful operation of other semiconductor photonic devices.
2 In addition, it becomes progressively more difficult to make an accurate measurement of EQE as its value approaches unity. These challenges have driven the development of the methodology described here. We emphasize that our results are general. The principles may be applied to a variety of photonic systems, including those not based on semiconductors.
Schnitzer et al. measured the EQE of planar AlGaAs/ GaAs/AlGaAs double heterostructures at room temperature by pumping above the bandgap (cw diode laser at k ¼ 780 nm) and collecting the integrated photoluminescence.
3 This signal was referenced to scatter from a white Lambertian surface to calibrate the EQE. They observed an EQE as high as 72% corresponding to an internal quantum efficiency of 99.7% in the GaAs layer. Dunstan pointed out that separate measurement of photoluminescence and a photo-thermal signal for the same excitation conditions can yield the absolute quantum efficiency.
4 This is because the absorbed power must be converted into either light or heat: a fractional increase of one must be accompanied by a fractional decrease of the other. This approach can give higher measurement accuracy as EQE approaches unity. Gfroerer et al. used this principle to measure an EQE as high as 63% with an InP/InGaAs heterostructure. 5 Luminescence was collected in tandem with sample temperature using a thermistor as a function of excitation power. By normalizing these two fractional quantities to the excitation power and plotting them against each other, the expected linear relationship is observed. Absolute calibration is then attained with a leastsquares fit of the data.
Extremely high internal quantum efficiency of GaAs is attained when surface recombination is passivated with GaInP layers. Using a modified form of the above experiment, a)
Author to whom correspondence should be addressed. Electronic mail: puffwang@unm.edu. Catchpole et al. measured an EQE of 92% with a passivated GaAs/GaInP planar heterostructure mounted on a ZnSe substrate. 6 They showed that modulated pump light can increase sensitivity and reduce complications from long-term thermal drift. Gauck et al. attached a similar GaAs/GaInP heterostructure to a ZnSe hemispherical lens to increase luminescence extraction efficiency, resulting in an EQE of 96% at the optimum excitation level. 7 Operating a similar device at 100K resulted in an EQE approaching 99%.
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All the preceding measurements of EQE take place by varying the pump power at a fixed wavelength, i.e., at a wavelength where absorption is strong and sufficiently separated from the mean luminescence wavelength. Gauck et al. realized that when EQE is exceptionally high, tuning the pump wavelength below the mean luminescence wavelength at an optimized, fixed photo-excitation might lead to the observation of net cooling. In a second experiment, they tuned the pump wavelength through the mean luminescence wavelength of GaAs and into the band-gap absorption edge. At a constant photo-excitation, they measured reduced heating into the band tail, but no net cooling. 7 They did demonstrate, however, the high quality of their GaAs sample and the potential for semiconductor-based optical refrigeration. Their work generated a strong interest in laser-cooling with GaAs and led to more theoretical and experimental research.
1, [8] [9] [10] [11] [12] In this paper, we show that wavelength-dependent temperature change can be used to directly measure the photoluminescence EQE of a semiconductor photonic device. This approach has been effective for characterizing optical refrigerators made from rare-earth doped fluoride glass and crystal. 13 It is based on Dunstan's concept of simultaneous measurement of fluorescence and temperature, but has the advantage that absolute EQE is obtained from uncalibrated temperature measurements only.
For an intrinsic semiconductor, the recombination of photo-generated electron hole pairs (N) is conveniently written as the sum of the nonradiative (AN), radiative (BN 2 ), and Auger (CN 3 ) processes, where A, B, and C are corresponding decay coefficients.
2 This defines the internal quantum efficiency:
All of these coefficients are temperature dependent. For bulk, crystalline GaAs used in heterostructures, the B and C coefficients are fundamental properties and should not depend on the growth process. The nonradiative decay, however, depends on purity but is primarily affected by surface recombination. 14 It can be mitigated by passivating the interfaces in the epitaxial growth of double heterostructures, which dramatically enhances internal quantum efficiency.
The luminescence extraction efficiency (g e ) accounts for radiation trapping and re-absorption (i.e., photon recycling), which limits the amount of luminescence that exits the heterostructure. Light escaping from a high refractive index semiconductor such as GaAs into air or vacuum experiences severe radiation trapping due to total internal reflection giving g e $2%. This can be improved by surface texturing, 15 photonic crystal structures, 16 or the use of index-matching domes as in LED technology. 17 We use GaAs/GaInP latticematched heterostructures grown by metal-organic chemical vapor deposition (MOCVD) or molecular beam epitaxial (MBE). Referring to Fig. 1 , samples can be detached from the GaAs substrate by etching a thin release layer of AlAs using HF. Released structures are then van der Waals bonded to nearly index-matched dome lenses formed from ZnS or ZnSe to increase g e by about an order of magnitude. These materials are used because of their very low absorption at the luminescence wavelengths of GaAs.
12 Table I lists the properties and growth conditions for the samples we study in this paper.
The coefficients g int and g e define EQE (g ext ) as the fraction of photo-generated electron-hole pairs that appear as luminescence photons outside the structure:
To proceed, we write the net power (P net) deposited in the sample by laser excitation at frequency m as:
where a r (m) is the frequency-dependent resonant band-edge absorption coefficient, I is the laser intensity and the escaped (i.e., measured) mean luminescence frequencym f is defined asm
Here S(m) is the geometry-dependent escape probability and R(m) is the luminescence spectral density. The term in front of the bracket in Eq. (3) represents the escaped luminescence power density: 
The pump-induced temperature change DT, which is proportional to P net , can therefore be written as:
where j is a proportionality constant depending on the thermal load on the sample. Measuring the temperature change as the pump frequency m is scanned while maintaining constant photo-excitation (i.e., maintaining P lum constant) generates a straight line given by Eq. (6) . The x-axis crossing point corresponds to DT ¼ 0 and defines the pump frequency where heating exactly balances cooling, i.e., m cross . This zero-crossing condition (x-axis intercept of Eq. (6), which represents the onset of laser cooling) has never been attained in experiments with semiconductors due to the presence of background absorption as discussed below. The zero-crossing in semiconductors can be deduced, however, by linear extrapolation of the frequency-dependent heating data. EQE is then found by forming the ratio:
At and below the energy band-gap of the semiconductor, nonresonant parasitic absorption may be evident. This is caused by impurities and becomes important when resonant absorption weakens in the band-tail states. To account for the presence of background absorption we write:
where a b is the parasitic/background absorption coefficient that is assumed to be constant. The absorption efficiency falls off rapidly when pumping at wavelengths longer than the band-gap. Equation (6) is modified to account for the absorption efficiency:
The product g ext g abs describes the efficiency of converting an absorbed laser photon to an escaped luminescence photon. Following Gauck et al., we tune the pump wavelength and monitor the relative temperature change. The photoluminescence P lum gives direct measure of the excitation density and must be maintained constant. We collect the full luminescence spectrum with a CCD array, including some of the scattered pump laser. The collection optics are aligned to minimize scattered laser light; residual signal is removed from the PL with a numerical procedure. Our experiment differs from Ref. 7 in several respects. We measure EQE over a range of temperatures at and below room temperature (80-300 K) by mounting the sample in an optical cryostat. EQE increases at lower temperature because the recombination components change favorably, i.e., B increases, while A and C decrease. [18] [19] [20] The GaAs heterostructure is attached to a ZnS hemispherical lens by van der Waals bonding instead of using wire clamps. A clamping fixture is undesirable because it can absorb luminescence, heat up, couple thermal energy back into the sample, and reduce the EQE. For the same reason, we do not use contact thermocouples or thermistors to measure temperature. In this demanding application, temperature must be determined with an all-optical approach.
Infrared cameras detect thermal blackbody radiation and are often used for noncontact temperature measurement. At low temperature and/or when the material of interest is transparent at thermal wavelengths, these cameras are inadequate. This is the case with the semiconductor GaAs, which has a direct bandgap of about 1.42 eV (870 nm) at 300 K. Instead, we use the temperature dependence of the luminescence resulting from band-gap shift and broadening. The peak of the luminescence spectrum clearly marks the fundamental bandedge. In addition, the shape of the spectrum reveals temperature-dependent photo-carrier populations. The combination of spectral shift and broadening provides exceptional temperature resolution when implemented with direct bandgap semiconductors such as GaAs. We can then determine whether a material is heating or cooling and by how much. A comprehensive reference on the subject of temperature measurement using luminescence can be found in the text by Zhang and Grattan. 21 We demonstrate the sensitivity of our method as follows. A GaAs heterostructure bonded to a ZnS hemispherical lens is held on the coldfinger of an optical cryostat with its temperature controlled to 100K 6 1 mK by a proportionalintegration servo-loop. A cw probe laser (k ¼ 680 nm; power: $5 mW) weakly photo-excites the sample resulting in a continuous luminescence spectrum shown in Fig. 2(a) . When the cryostat setpoint is lowered, the sample cools and the band-gap expands resulting in a blue-shift of the peak luminescence. Conversely, raising the setpoint causes a luminescence red-shift. Two spectra obtained at temperatures differing by 500 mK are superimposed in Fig. 2(a) and appear identical. After normalization and subtraction, however, a peak and valley are evident as shown in Fig. 2(b) . The resulting differential signal is a peak-valley or valleypeak feature depending on the sign of temperature change while the height of the differential peak indicates the magnitude. By controlling scattered light and dark current, the limitation imposed by signal-to-noise gives a differential temperature resolution of better than 1 mK at 100 K. We call this technique differential luminescence thermometry (DLT). Therefore, the combination of the two techniques of DLT and the laser-induced temperature change can be viewed as an All-optical Scanning Laser Calorimetry or ASLC, for brevity.
In the EQE experiment shown in Fig. 3 , we use a MOCVD GaAs/GaInP passivated heterostructure bonded to a ZnS hemispherical lens. A reference spectrum is recorded at the cryostat temperature setpoint of 150 K with the pump laser blocked. New spectra are then obtained as the unblocked pump laser is tuned; these are normalized and subtracted from the reference to determine the pump-induced temperature change via DLT. The pump laser is homebuilt cw Ti:sapphire laser producing up to 4.5 W tunable in the wavelength range 750-900 nm. The thermal link between sample and coldfinger is adjusted so the sample can attain a new steady state temperature in the presence of pump light on the time scale of $1 min. It is important to emphasize that there are two photoluminescence signals: (1) PL from the pump to monitor photo-excitation and (2) PL from the probe to track temperature. The signals are separated with time-gating. DLT data is collected by chopping the pump beam at 5 Hz and synchronously gating the spectrometer CCD readout, i.e., temperature spectra are recorded when the pump is momentarily blocked and the high density PL has decayed. Luminescence temperature measurements of GaAs must be made in the small-signal regime because of complications that can occur with changing photo-excitation density. The diode probe laser wavelength is chosen to be sufficiently short (k ¼ 680 nm) so it does not appear in the recombination spectrum. Spectra are normalized at the bandedge wavelength (i.e., at the peak of the luminescence spectrum) and subtracted from the normalized reference spectrum to generate a DLT signal. Figure 4 shows differential heating data as the pump is tuned between 1.50 eV hm 1.60 eV. Although not a requirement, the y-axis depicts temperature change in degrees Kelvin. Axis calibration is made in a separate experiment to verify the linearity of DLT for the specific conditions. The temperature change DT varies linearly with m provided the photo-excitation density is kept constant. Because the resonant absorption a r (m) is frequency-dependent, the laser power must be adjusted as it is tuned to maintain the density as ascertained by a constant integrated PL spectrum. The data for pump frequencies m >m f is fit with a least-squares procedure and extrapolated to give a zerocrossing frequency of hm cross ¼ 1.399 eV. The mean luminescence photon energy hm f ¼ 1:478eV is calculated from the high density PL spectrum, resulting in g ext ¼ 94.7 6 0.15% using Eq. (7).
At frequencies smaller thanm f , parasitic absorption cannot be neglected in comparison to resonant absorption. The absorption efficiency deviates significantly from unity (g abs < 1) with a strong frequency-dependence. This is the cause of the departure from the linearity exhibited in Fig. 6 . To account for the behavior at and below the band-gap energy, we need an accurate measure of a r (m) to use in Eq. (8) . This is gained from a separate PLE measurement; results are shown in Fig. 5 . By assuming a frequency-independent background absorption (a b ¼ 15 cm
À1
) as a fitting parameter, our model can accurately describe the full range of heating data shown in Fig. 6 (solid curve). High frequency pump photons independently determine the EQE while pumping in the band-tail quantifies the background absorption. A general conclusion is that samples grown by MBE have lower parasitic absorption compared to MOCVD.
The above data is at the optimum level of photo-excitation. In semiconductors, EQE is a nonlinear function of carrier density and temperature as can be seen in Eq. (2). At very low and very high carrier densities, the nonradiative and Auger recombination, respectively, will dominate and degrade EQE. The optimum density has been shown to have the following analytical form:
and the corresponding optimum absorbed pump power density is:
It is assumed that the device is pumped in the density regime where radiative recombination dominates, i.e., BN
. The maximum attainable EQE is then:
For EQE approaching unity, we can define a normalized absorbed pump power density at a given wavelength:
This allows EQE to be written as an explicit function of pump power:
This power dependence is plotted in Fig. 7 with the peak identifying the optimum pump power. EQE is far more sensitive to the pump power below the optimum level than above it.
One experimental approach for determining the optimum carrier density is to measure EQE directly at a range of photo-excitation levels, but this is a very time-consuming process. A direct and equally precise method is to measure sample heating at a fixed wavelength with varying pump power.
We can write the net heating power as follows:
Given that DT / P net and the incident pump laser power at a given wavelength P / P abs ¼ a r I, we have 
With the help of Eq. (14), this temperature change per input power is plotted in Fig. 8 form f =m ¼ 0.9, 0.95, and 1.00. Each curve minimum clearly identifies the optimum pump power. Experimental results for sample 3 at 100K are shown in Fig. 9 . An optimum excitation power of $200 mW for a spot size of $150mm corresponds to an optimum carrier density of $3 Â 10 17 cm
À3
The optimum power or carrier density can be independently verified with a complementary but less complicated power-dependent photo-luminescence (PDPL) measurement. Photoluminescence is an established nondestructive spectroscopic technique for analyzing the properties of semiconductors. A general introduction can be found in the review paper. 22 The relation between excitation density and integrated photoluminescence can identify different recombination mechanisms. 23, 24 Here, we employ PDPL to determine the optimum carrier density.
From Eqs. (2), (3), and (5), we can re-write the spectrally-integrated exiting luminescence power density as follows:
In an experiment where the laser wavelength is fixed, the relative luminescence signal normalized to incident laser power (P) as we vary the power is: 
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where b is a constant. The normalized luminescence power scales directly with EQE and shows a maximum at the optimum pumping power. This is demonstrated experimentally in Fig. 10 . PDPL is generally simpler and easier to implement because it does not require resolution of what are usually small temperature changes in the former approach. EQE is temperature-dependent because the radiative and nonradiative rates exhibit strong temperature dependence. Radiative recombination scales as B / T À3=2 to T À2 (Ref. 18 ) and Auger recombination has been shown to follow the form C / exp ÀT a =T ð Þwhere T a is a characteristic temperature that depends on the details of the band-structure. 20 For dominant Auger process that involves electron/electron/ heavy-hole, T a $lE g /k B where l ¼ m c /m h <1 is the ratio of electron to heavy-hole effective masses, and k B is the Boltzmann constant.
The nonradiative decay is known to have different temperature behavior depending on the mechanism. It has been suggested that surface recombination should display an activation energy (temperature) similar to the Auger process, i.e., A / exp ÀT S =T ð Þ, 18 although such a generalization has not been experimentally established. Recent modeling in GaAs/GaInP heterostructures suggests more complex density and temperature dependence as the doping type and level in the core and passivation layers are varied. 25 The temperature dependence of coefficients A, B and C in Eq. (2) predicts higher EQE at lower lattice temperatures. This is confirmed by our measurements with Sample 1 shown in Fig. 11 .
We also find the optimum pumping power at different setpoint temperatures using PDPL; results are displayed in Fig. 12 . Although the trend is similar to that observed with EQE, it is important to point out that the functional dependence of the coefficients is different: optimum EQE is 1 À 2 ffiffiffiffiffiffi ffi AC p =g e B (Eq. (12)) while optimum power scales as AB/C. The data in Fig. 12 indicates that B and C experience a stronger temperature-dependence compared to A (i.e., T a (T s ).
For a relatively pure bulk semiconductor at a fixed temperature, the coefficients B and C are material constants. According to Eq. (11), the optimum pump power is directly proportional to the nonradiative recombination coefficient A. This means that a measurement of the optimum pump power will give a direct indication of A and hence EQE. This can be a very useful tool because it is possible to determine the A coefficient directly before implementing a time-consuming measurement of the external quantum efficiency. Testing six different GaAs heterostructures confirms that EQE scales inversely with optimum pump power (Table II) .
We can also use the PDPL technique in the low excitation range combined with time-resolved photoluminescence (TRPL) measurement to obtain the nonradiative decay coefficient. This will allow us to screen the samples prior to processing (patterning and lift-off) more rapidly. In the low excitation regime, however, the recombination processes is not necessarily determined by the nonradiative A term but may be dominated by impurity meditated radiative recombination.
In that case, the rate equation for electron-hole pairs is given by:
where N is the photo-excitation density, N d is the impurity (donor or acceptor) density and I is the pump intensity. We have ignored impurity mediated Auger recombination by assuming low enough doping concentrations:
The various recombination pathways are isolated using spectrally-integrated, time-resolved PL (TRPL) after pulsed excitation. 11 Note there are two terms that are first-order in N. At late times where N ( N d , the carrier density rate equation is dominated by the sum of the nonradiative recombination and impurity mediated luminescence: 
The solution for N is exponential decay
where N 0 is the initial photo-injected carrier density and the photoluminescence lifetime has the form:
Separation of A and N d requires a second, independent measurement that is accomplished with PDPL. The spectrallyintegrated photoluminescence power density P lum is related to the radiative parts of Eq. (19) by:
At steady-state and assuming the excitation is low enough to ignore Auger recombination, Eq. (19) reduces to:
Substituting the solution of N into Eq. (23) followed by some algebraic simplification gives
where P d ¼ P abs =P d is the normalized absorbed laser power (density), and the expression on left hand side is defined as the normalized luminescence efficiency g L with the dopant characteristic power density and dopant luminescence efficiency defined as:
and
Equation (25) is plotted on a log-log scale in Fig. 13 for g d values in the range 0.1-1.0. A PDPL experiment requires that the pump power be varied over many orders of magnitude to resolve the features shown in Fig. 13 . After normalization, the curve will approach the value of g d at sufficiently weak pumping. Equations (14) and (25) are approximate solutions pertaining to the two extreme cases of high and low density excitations, respectively. An exact solution covering the full power range is possible and requires finding the roots of a third-order polynomial. For comparison, we plot the results of Eq. (14), and Eq. (25) , together with the results of exact calculations for a particular case in Fig. 14 .
It should be noted that the incident power in Fig. 14 (x-axis) is normalized to the optimum power (P opt ). Thus comparisons to Fig. (13) (normalized to P d ) should be made accordingly.
We perform a number of low-density PDPL/TRPL experiments on various GaAs/GaInP double heterostructures at room temperature. For the PDPL, we use a cw diode laser (k ¼ 780 nm) chopped at 250 Hz for carrier excitation. The PL is collected using a photo-multiplier tube with the help of lock-in detection (Fig. 15 ). The collected data is then normalized and fitted using Eq. (25) with coefficients g d and P d as the fitting parameters.
Time resolved PL data on the same sample is obtained using a pulsed diode laser (k ¼ 780 nm, pulse width $5ns and repetition rate $40 KHz) and a photo-multiplier tube. Time constant s is obtained by linear fit of the curve on a semilog scale.
Self-consistent, simultaneous analysis of separate PDPL and TRPL experiments can quantify the coefficients A and BN d at a specific temperature. They are obtained by simultaneous solution of Eqs. (22) and (27) . Figure 16 shows the experimental results of two MOCVD grown (1 and 2) and two MBE grown (3 and 4) samples; results are summarized in Table II . In the analysis, we take g e B ¼ 0.75 Â 10 À10 cm 3 /s. 2 EQE is measured via All-optical Scanning Laser Calorimetry (ASLC) described above. We find that MBE samples have lower impurity content and also confirm that slower nonradiative recombination rates A produce higher EQE.
Although the observed overall trend is as expected, there exist some small discrepancies where samples with larger A produce slightly higher g ext . This is explained by sample-tosample variations in bonding integrity at the semiconductor dome lens interface, which affects the extraction efficiency g e. Differences in g e translate into difference in g ext , according to Eq. (12) . An earlier investigation 14 as well as a recent theoretical study 25 suggests that nonradiative recombination rate may also depend on the injected carrier density. The fact that we measure the EQE and lifetime at different pump intensities may explain such discrepancies. In summary, we have shown that All-optical Scanning Laser Calorimetry (ASLC) can characterize the performance and efficiency of photonic devices made from high quality GaAs heterostructures. This is a relatively simple experiment procedure that can directly deduce the external quantum efficiency of a photonic device-a parameter that incorporates internal quantum efficiency and light-coupling efficiency. We describe an all-optical temperature measurement technique (differential luminescence thermometry) in which changes in the luminescence spectrum provide a direct measure of temperature. Performance is optimized at a specific photo-excitation level that can be determined in independent photo-luminescence measurements. We have presented results obtained with GaAs, but emphasize that the concepts have general validity and can be applied to other systems. 
